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Wolfgang Pauli and the 3-decay spectrum
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Wolfgang Pauli and the 3-decay spectrum
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Cowan & Reines & the antineutrino discovery

Cowan and Reines built a liquid

Anti- Proton Positron Neutron scintillator detector and discovered
electron- the antineutrino in 1956
neutrino | S ‘ ;
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Cowan & Reines & the antineutrino discovery
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An additional type of neutrino

Cowandé&cReines discovered

the electron antineutrino Lederma.n, SChW&P tz 86

Steinberger used
neutrinos produced in
pion decays in the BNL
Alternating gradient
synchrotron

s

W \Dccc ) . .
5 These neutrinos produce muons when interacting

MO Q  with matter. They are a different neutrino flavor!
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STANDARD MODEL OF ELEMENTARY PARTICLES
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Neutrinos come in three flavors
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How we distinguish them
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Same for anti-particles
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charged-current versus neutral-current
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charged-current versus neutral-current

charged-current neutral-current
electron-neutrino -
v, \/H_e ? V — —V
w 3 Z°
I T
n p n n
W+/- = charged boson 70 = neutral boson

Oh no! We don’t know what type of neutrino it was and we will never find out...
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Neutrinos and forces

Do neutrinos interact via...

...strong force?

...electro magnetism?®

JJweak force?

...8ravity?
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Strength Range carrier
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Neutrinos and forces

Force
Strength Range carrier

Do neutrinos interact via...

photon

...electro magnetism?® 1/187  infinite

Wé&Z
...weak force? 10°  108m  vosons
(0.1% of
proton diameter)

...8ravity? 6x 103 infinite ¢
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Neutrinos and forces

Do neutrinos interact via... Force
Strength Range carrier
W&Z
oe .We&k fOPCG ! ) 10_6 1018 m bosons
protc()?léi?r?liter)
...gravity? 6x 103 infinite ¢
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Neutrinos and forces

Do neutrinos interact via... Force
Strength Range carrier
_ WeZ
...weak force! == 10°  108m  vosons
(0.1% of
proton diameter)

...gravity! 6x 103 infinite ¢
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Neutrino cross sections From Wikipedia:

The cross section is an effective area that quantifies the intrinsic likelihood of
Quasi-elastic a scattering event when an incident beam strikes a target object, made of

E discrete particles. The cross section of a particle is the same as the cross
(Q ) section of a hard object, if the probabilities of hitting them with a rayare the
same. Itis typically denoted o and measured in units of area.
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How far does a, neutrino travel?
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“mean free path”
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How far does a, neutrino travel?

<
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L Volume per nucleon:

“mean free path”
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How far does a, neutrino travel?

0) _ Volume swept out: VS = 0o X L

L : Volume per nucleon: VN — mp / p

“mean free path” V. = VN =L = mp / (,0 X O-)

S

6/16/16 A. Schukraft
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How far does a, neutrino travel?

0) _ Volume swept out: VS = 0o X L

L : Volume per nucleon: VN — mp / p

“mean free path” VS = VN - L = mp / (,0 X O-)

m,=167x10g
p = 2.7-9 (for rock)

cm?

o=1038cm? (@ 1GeV)

6/16/16 A. Schukraft
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How far does a, neutrino travel?

< [
< »

L

“mean free path”

m,=167x10g
p = 2.7— (for rock)

9
cm

o=1038cm? (@ 1GeV)

6/16/16

Volume swept out: VS = 0o X L

Volume per nucleon: VN — mp / p

V. =VN - L=mp/ (p X o)

L =6x10%km

(Diameter of the Earth: ~ 13 000 km)

A. Schukraft
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Where are neutrinos coming from®

Flux:
neutrinos
per surface
area, time,
solid angle
and energy

5/14/16
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—\ H / Reactor anti-v
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Terrestrial anti-v
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v from AGN

Cosmogenic

10= 107 1 10° 10° 10° 10* 10" 10'8
pevV.  meV eV keV MeV GeV TeV PeV EeV

Neutrino energy
A. Schukraft, Fermilab
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Where are neutrinos coming from®

Flux:
neutrinos
per surface
area, time,
solid angle
and energy
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Where are neutrinos coming from®

Flux:
neutrinos
per surface
area, time,
solid angle
and energy

5/14/16
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Solar neutrinos

Our sun produces
electron neutrinos in nuclear fusion

The sun in neutrinos

5/14/16 A. Schukraft, Fermilab
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Solar neutrinos
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The solar neutrino problem (late 1960’°s)

— q)\/ solar || Observed:
b/
1/5 cID\/ solar

Flux: neutrinos per time ) v
and surface area /
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The solar neutrino problem

Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 2000
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The solar neutrino problem

Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 2000
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The solar neutrino problem (late 1960’°s)

/ Theory:

= P

Flux: neutrinos per time
and surface area /

v,solar
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Neutrino oscillations

5/14/16

A. Schukraft, Fermilab
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Neutrino oscillations
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Neutrino oscillations
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Neutrino oscillations

5/14/16

A. Schukraft, Fermilab
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Let’s introduce some math

... on the way, these might ... and eventually

The sun is emitting change into muon neutrinos... change back
electron neutrinos...

s@‘

When neutrinos interact, we
see the flavor eigenstate But they travel (wave function)
as a mass eigenstate

6/16/16 A. Schukraft 39



Neutrino mixing

.0 o__.0
D@ AT RIA e A
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. . . This is not difficult!
Neutrino OSClll&tlonS Wikipedia can help you get through it!

You should try!

Propagation ofmass eigenstates v;is Or as a function of travel distance L:
described by theplane wave equation:
\ — i Ejt—p;-T) — \
[vi(t)) = e wy(0)) (L)) = e 2E|(0)

- o Function of:
PPObabﬂlty Of: P I(V IV Z L'* L —il)?.?L.."'QE . Mass m;
Sending flavor q, a—=3 — 31¥a « EnergyE
and detecting flavor (3 » Distance L

Oscillation probabilities for an initial electron neutrino
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Neutrino oscillations

This is not difficult!

Wikipedia can help you get through it!

You should try!

Propagation ofmass eigenstates v; is Or as a function of travel distance L:
described by theplane wave equation:
|l/z(t)> = e—i{E;t—ﬁz-:T:.'fllui(O)} IVL(L)> = e—in?.;-)L,:"QE"Vi(O)}
5 Function of:
Probability of: | v 1D . 95 iom| «  Mass m,
_ / 2 _ TR J7T_ —im*L{2E i
Sending flavor a, Poss = [{vs|va(t))]” = Z UsiUsie™™ « EnergyE
and detecting flavor (3 ! » Distance L
,/’ ----------------------------------------------------------------------- ~~ N
'I “Two—flavor approximation” Oscillationis a function of \‘
I (assume there are only 2 flavors -> :
: makes the matrix 2x8) I
: |
| ) ) L _ baseline |
! Am?L [eV?] [km]\ =7 =
. e 2 [« andAM L [eV?] [km o |
| P, 5025 = sin“(26) sin” | 1.27 L enersgy !
- a— 53 .ax ) 1 T -
: Characteristic parameters: :
\ * Mass difference: Am? =m? -mp |
\\ « Mixing angle: Gij 4
\- _______________________________________________________________________ ',
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4 approaches to measure neutrino oscillations

/ Atmospherio\

Energy: MeV
Baseline: (oscillation
inside sun)

Energy: GeV-TeV
Baseline: ~ 13000 km

"B ¥ wom)  Accelerator

Energy: GeV
Baseline: 30m - 1500 km




Charged Current | UV, +d —=p+p+e E threshora =1-4MeV
Reaction
NC |
. Neutral Current U, +d v, +p+n E oo =2-2MeV
Total Rates: Standard Model vs. Experiment Reaction
Bahcall-Pinsonneault 2000
ES V. +E€ U +¢€ E. =0
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Confirmation with solar and atmospheric neutrinos

/ Atmospheric\

Baseline: (oscillation
inside sun)

[Energy: MeV

& : \j 1 o \ 1‘

Ny
Energy: GeV - TeV
Baseline: ~ 13 000 km

Yy ) occe
XXXI)
o8

Sir Arthur McDonald
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Takaaki Kajita
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Confirmation with reactor and accelerator neutrinos

E reactor v's test same parameter
1 space as solar v oscillations
2 I
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What is the probability that a muon neutrino sent out from the
NuMI beam arrives in Minnesota as a muon neutrino?



What is the probability that a muon neutrino sent out from the
NuMI beam arrives in Minnesota as a muon neutrino?

Let’s make it easy and
assume two flavor
oscillation

1 = Pa—:.:?,a;"j — 8'1112(.‘29) Si112 (IZTAZ;L [e\[c;]e{lf]ln]>
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What is the probability that a muon neutrino sent out from the
NuMI beam arrives in Minnesota as a muon neutrino%

. . Am?L [eV?] [km]
- P a—=3%.a3 — 2 20 - 1 .27 Let’s make it easy and
1 ‘3, ¢3 o ( ) el ( E [GeV] assume two flavor

oscillation
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What is the probability that a muon neutrino sent out from the
NuMI beam arrives in Minnesota as a muon neutrino%

E [GCV] assume two flavor

oscillation

2r 2
1 - PQ‘-{B,Q#_B = Sin2(20) Si112 (1.27Am L [eV ] [l(]n]) Let’s make it easy and

Medium Energy Tune

® Oon-axis
| — 7 mrad off-axis
— 14 mrad off-axis
[ —— 21 mrad off-axis

(o]
(el

D
(el
T T

Vu CCevents/ kt/ 1E21 POT /0.2 GeV

=2 GeV

0 2

4 6 10
E, (GeV)
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What is the probability that a muon neutrino sent out from the
NuMI beam arrives in Minnesota as a muon neutrino%

E [GGV] assume two flavor

oscillation

2r 2
1 - PQ‘—l’,.'B,Q#_»'S = Sin2(20) Si112 (1.27Am L [eV ] [lqn]) Let’s make it easy and

Medium Energy Tune

® Oon-axis
| — 7 mrad off-axis
— 14 mrad off-axis
[ —— 21 mrad off-axis

(o]
(el

D
(el
T T

sin°26,3 = 0.97

| Amay = Ao = 2.32 x 1073 eV2

Vu CCevents/ kt/ 1E21 POT /0.2 GeV
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What is the probability that a muon neutrino sent out from the
NuMI beam arrives in Minnesota as a muon neutrino%

E [GGV] assume two flavor

oscillation

27 (%72
1 - PQ’—l’,B,Q;é_B — Sin2(29) Si112 (1.27Am L [eV ] [lqn]) Let’s make it easy and

Medium Energy Tune

® Oon-axis
| — 7 mrad off-axis
— 14 mrad off-axis
[ —— 21 mrad off-axis

(o]
(el

D
(el
T T

sin°26,3 = 0.97

| Amay =~ Ay = 2.32 x 1073 eV?

P =24%
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Cross check with three-flavor calculation

Oscillation probabilities for an initial muon neutrino

;::\/\/\/\f\/\/\/\

-
= 0.6/
:5 -
= ,
la) !
S 04
o I
0.2+
Two-flavor —
approximation: P =24% I 'V
0.0-~—1 g SV Ve
0 1000 2000 3000 4000
L/E (km /GeV)

735 km / 2 GeV

6/16/16 A. Schukraft



Cross check with three-flavor calculation

Oscillation probabilities for an initial muon neutrino

AN

S
Ke)

Probability
>
T T -h T

——— ey
e ————

o —
e ——_—

———

0.2+ Learn more!

Two-flavor

Next neutrino lecture:

B~ 90 _
approximation: P 24400 , ~ % 44‘ / Keith Matera

0 1000 2000 JuIy 26
L/E (km /GeV)
735 km / 2 GeV
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Where are neutrinos coming from®

Flux:
neutrinos
per surface
area, time,
solid angle
and energy

5/14/16

Cosmological v

Solar v
Supernova burst (1987A)

— /Reactor anti-v

Background from old supernovae

Terrestrial anti-v

Atmosphericv

v from AGN \
\ Cosmogenic
\Y

10= 107 1 10° 10° 10° 10* 1072 10'8
ueV. meV eV keV MeV GeV TeV PeV EeV

Neutrino energy
A. Schukraft, Fermilab
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Core of Galaxy NGC 426l Supermassive black holes

_ in the center of galaxies
Hubble Space Telescope (Virgo Cluster)

Wide Field / Planetary Camera Supermassive means

9
Ground-Based Optical/Radio Image HST Image of a Gas and Dust Disk > 10° solar masses

/!
e

Forms an accretion disk
of matter around itself

Eats ~ 1 solar mass/year!

Ejects matter and
radiation perpendicular
to the accretion disk

Ideal environment for
shock acceleration!

kel = . .
380 Arc Seconds 17 Arc Seconds There exist different types of
88,000 LIGHTYEARS 400 LIGHTYEARS AGN out in the Universe and they
are very abundant!




. L | Multimessenger astronomy

photons .

4
+
) Y (> PeV) <,e< .
> &

neutrinos
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How long do you have to wait to see a, neutrino from an AGN if you

detector is 1m? of water?

5/14/16

—10*
S i
= 10°
- - Cosmological v
H10° T
w 10'2 I Solar v
‘TE i Supernova burst (1987A)
Q108
= . i Reactor anti-v
1 F Background from old supernovae
107
108 F Terrestrial anti-v
1012 : Atmospheric v
107er ‘v from AGN
‘]O 20k
Lal Cosmogenic
102 : v
105F
10°° 10+ 1 103 10° 10° 10% 10%= 10"
pev. meV eV keV MeV GeV TeV PeV EeV

A. Schukraft, Fermilab

Neutrino energy
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How long do you have to wait to see a, neutrino from an AGN if you

detector is 1m? of water?

e Flux=10%/cm?2 /s /sr/ MeV
* Energy range: 10° to 1012 eV

* Angular coverage 4w

5/14/16

— — —
(@] o o
- N N
o)) o »

— —
o o
) =

N

Flux (cm=2s"sr' MeV-')
o

10
10°®
10712
10716
1020
102

102

Cosmological v

I Solar v
L Supernova burst (1987A)
i / Reactor anti-v
- Background from old supernovae
. Terrestrial anti-v
: Atmospheric v
i ‘v from AGN \
i Cosmogenic
i Y
10°° 10+ 1 103 10° 10° 10% 10%= 10"
pev. meV eV keV MeV GeV TeV PeV EeV

A. Schukraft, Fermilab

Neutrino energy
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How long do you have to wait to see a neutrino from an AGN
if your detector is 1m? of water?

=—10*
3 i
= 10°
e Flux = 1016 / cm?2 / S / sr/ MeV T ool Cosmological v
v
Tm 10]2 - SO|arV
* Energy range: 10° to 1012 eV & L Supernova burst (1987A)
V108
2 Reactor anti-v
= 5
 Angular coverage 4m 107 [ b
1 Background from old supernovae
10*
108 F Terrestrial anti-v
Going through the detector: ol Atmospheric v
1071} | .
Rate: ~ 10> /s i v from AGN \
1020 \
.. Ll Cosmogenic
This is about one per day. 10y v
10281
10°° 10+ 1 103 10° 10° 10% 10%= 108
pev. meV eV keV MeV GeV TeV PeV EeV

Neutrino energy

5/14/16 A. Schukraft, Fermilab 61



How likely is it that this neutrino is going to INTERACT with your
1m?® water detector?

Going through the detector:
Rate: ~ 10> /s

This is about one per day.



How likely is it that this neutrino is going to INTERACT with your
1m?® water detector?

Going through the detector: Remember: neutrino mean free path

V. =VN - L=mp/ (p X o)

m,=167x10g
1.9 -
p=1 - (for ice)

o=103>cm? (@ 1TeV)

L=2x109m

Or:
1in 2x10° neutrinos will interact during crossing a 1m water detector

Rate: ~ 10> /s

This is about one per day.




How likely is it that this neutrino is going to INTERACT with your
1m?® water detector?

Going through the detector: Remember: neutrino mean free path

V. =VN - L=mp/ (p X o)

m,=167x10g
1.9 :
p=1 - (for ice)

o=103>cm? (@ 1TeV)

L=2x109m

Or:
1in 2x10° neutrinos will interact during crossing a 1m water detector

Rate: ~ 10> /s

This is about one per day.

5/14/16 A. Schukraft, Fermilab 64



ROALD AMUNDSEN ROBERT E. SCOTI

DECEMBER 14, 1911 JTANUARY W 1012

“So we arrived and “fhe Pole. Yieis; b
were able to plant our under very different
flag at the geographical circumstances from

Sonch Poele: those expected.”

ELEVATION 9,301 FT.




Cherenkov detectors

Analogy: sonic boom

High energy muons can travel several
LA kilometers in water, ice (and other media)
Light sensors

Cherenkovlight cone

5/14/16 A. Schukraft, Fermilab
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Hot water drilling

- ~ 5MW
IceCube Dirilling e

200gp

1000psi "

’——‘y\

FIRN ‘
E High pressure
ICE +— Water level (30-50m) pumps

Drill to following:

Pum:
. ©2400 m depth
*60 cm diameter
\ *Deviation from vertical is
3 +1m

*Drill rate 60-100 m/hr

le—— Hot water drill
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The Universe in
neutrinos

ICECUBE PRELIMINARY ___———

...........................................

....................................................................

=10
S L
§102° -

= I Cosmological v
L 10
wv

.;,, 101 i Solar v

\5,108 r

Supernova burst (1987A) il Galact|c
/Reactoranti-v TR 4+

Background from old supernovae [

0 TS=2log(L/LO) 13.1

§ L
E104 :

10°
10 b Terrestrial anti-v

102 i Atmospheric v

10716: v from AGN
10720 -

1024 :

Vosmogenic
v

0% 107 ] 0° 10°  10° 107 10 10' A. Schukraft, Fermilab 74
peV.  meV eV keV MeV GeV TeV PeV EeV

Neutrino energy
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The multiwavelength Universe

5/14/16

o - S . — ASh - atomic hydrogen

ydrogen;
B LR T
kt’ﬁéfk‘;
infrared
g S

mid-infrared

~_ near infrared.
1 s - v ‘,".

.
-

muw/aod eseudyssope/dinyg
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The multiwavelength Universe

5/14/16

|

_radio_continuum (2.5 GHz)

oy IR R by e St |
i eE e 3 R Y

molecular hydrogen;

&

PR TR e TS
infrared

. 4

y TP SRE

mid-infrared

_ near infrared.
ot

mu/aod eseudys3ope/ diy
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All solved?

6/16/16

A. Schukraft
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All solved?

They oscillate. -

A f ‘
00 0 5000 10000 15000 20000 25000 30000 35000

L/E (km /GeV)

They are not massless.

6/16/16 A. Schukraft
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Not yet!

| Neutrino Properties I

pppppp o aote 2 See the note on “Neutrino properties listings” in the Particle Listings.

What is the neutrino mass?
What is the neutrino mass ordering?

Are there more neutrino flavors than 3%

Do neutrinos behave the same as anti-neutrinos?
Are neutrinos their own antiparticles?

Do neutrinos contribute to dark matter®

6/16/16 A. Schukraft

Mass m < 2 eV  (tritium decay)

Mean life/mass, 7/m > 300 s/eV, CL = 90% (reactor)

Mean life/mass, 7/m > 7 x 107 s/eV  (solar)

Mean life/mass, 7/m > 15.4 s/eV, CL = 90% (accelerator)
Magnetic moment < 0.29 x 10710 45, CL = 90% (reactor)

Next neutrino lecture:

Keith Matera

July 26
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